Abstract. Estimating the amount and rate of metals transport through the unsaturated zone in mine waste materials requires knowledge of the unsaturated hydraulic conductivity/moisturecontent or the conductivity/water potential relationship of the material.
Introduction
Characterizing the transport of metal contaminants through the unsaturated zone in mine wastes requires an understanding of the unsaturated hydraulic conductivity of the waste material.
The most commonly used method for obtaining this knowledge involves developing the moisture characteristic curve (the relationship between moisture content and suction). Data for construction of this curve are often obtained by pressure desorption of a saturated core.
This method yields results for a range of water potential between 30 and 1000 millibars (the full range expected in the field) but often requires from weeks to months to obtain enough readings to construct a curve. The curve is used to interpret unsaturated conductivity relationships using one of a variety of schemes.
Because of the time required to get such results_or the cost of analysis, models or analytical calculations for predicting metals transport often are based on guesses of unsaturated conductivity values or on the assumption that infiltration reaches the water The purpose of this paper is to present the background and methods for use and application of the tension infiltrometer and to describe the results of a study of unsaturated conductivity on a mine waste site using this technology. The theory applied and necessary calculations are also presented.
Work is in progress which will explore applicability of this technique to the range of materials found in mining waste and to compare the results of infiltrometer investigations with those from desorption experiments using Tempe cells.
Previous work
As early as 1911 (Green & Ampt, 1911) soil scientists were describing the flow of water through unsaturated materials.
Innumerable articles have been published on the subject in soil science and hydrology periodicals over the last nine decades.
Many soil physics texts and fluid flow texts also address the subject.
Some of these articles and texts are listed in References.
Field measurement of unsaturated fluid flow properties has been addressed in papers by Ankeny et al (1988 Ankeny et al ( , 1990 Ankeny et al ( , 1991 , Clothier and Smettem (1990) , Clothier and White (1981) , Perroux and White (1988) , Scotter and Clothier (1983) , and Perroux (1987, 1989) .
Theory
The theory and design for the tension infiltrometer are presented primarily in the articles by M. D. others (1988, 1991) . To obtain values for hydraulic properties of unconsolidated materials, · sucl:i. as conductivity (Kh) , matric flux potential (¢=Kh/a), and sorptivity, the rate, Q, at which water infiltrates the soil under a particular tension must be measured. The tension infiltrometer uses a Marriotte tube to deliver water to the soil surface under tension. Woodings (1968) presented an algebraic approximation for saturated steady-state unconfined infiltration rates from a circular source: This expression applies for either saturated or unsaturated flow.
The saturated and unsaturated hydraulic conductivities are assumed to have an exponential relationship as proposed by Gardner (1958) :
Where his soil tension, K(h) is tension-dependent conductivity and Ksat is saturated conductivity.
Replacing Kin the expression we obtain: Other useful soil hydraulic parameters such as sorptivity and soil water diffusivity can also be derived from these relationships or from the flow and suction values measured. If the cumulative infiltration is plotted as a function of the square root of time, the slope of this line is the sorptivity. These parameters were not calculated in this study.
Materials and Methods
The tension infiltrometer used in this study is shown in Figure 1 . It consists of a 20-cm diameter infiltration head that supplies water to the soil under tension from a Marriotte tube arrangement of a 5-cm outside diameter (OD) water tower and a 3.8-cm OD bubbling tower.
The two towers each have a centimeter scale attached for reading water level or tension head. Three air-entry tubes in the stopper on top of the bubble tower are used to set the operating tension.
All major parts are constructed of polycarbonate plastic, and the base of the infiltration head is covered with a very fine nylon mesh fabric. The infil trometer used 103 in this study is also equipped with pressure transducers at the top and bottom of the water column.
These were used to more accurately measure the infiltration rate as described by Ankeny and others (1988) . The transducers were connected to an electronic datalogger to allow for real-time data acquisition.
The first step in setting up the infiltrometer for a field test is site preparation. The infiltration site should be level bare soil.
A fine sand (100 mesh) is used under the head to provide intimate contact between the head and soil.
Site preparation may require grubbing of vegetation, removal of surface organic material, or scraping off an armored surface layer.
It should be noted, however, that any disturbance of the soil surface may effect the hydraulic properties of the material.
Enough area should be cleared to accommodate the head and towers because it is important to keep the base of the water tower at the same elevation as the head in order to maintain consistent tension settings.
A thin template with a 20 cm diameter hole or a very shallow ring is placed over the site and fine sand is placed in the hole and smoothed.
When the template or ring is carefully removed, a thin, uniform layer of sand a few mm thick remains, providing good contact between the head and soil surface. Air will begin bubbling in the bubble tower and water will flow from the water tower through the head and in to the soil.
The rate of infiltration can be recorded in a variety of ways. The simplest is the recording of visual observations of water levels in the water column at regular time intervals using the attached centimeter scale. This can be difficult and imprecise if the water in the column is falling rapidly but is relatively "foolproof". Another method for recording the rate of infiltration is by use of a single pressure transducer or other pressure recording device at the top of the water column.
The change in tension at this point in the water column is related to the change in water level (Soil Measurement Systems, 1992 (Ankeny et al., 1988) .
Before the transducer data can be used to record infiltration rate the transducers must be calibrated according to standard procedures (eg., OMNIDATA, 1992) .
Errors in calibration of the transducers can significantly affect the infiltration data so the manual method mentioned above should also be used on a few sites to verify accuracy.
When using pressure transducers, the data from them should be recorded in an electronic datalogger for later interpretation.
By recording the pressure changes (i.e., height of water column) as a function of time, the point at which quasisteady-state infiltration is reached can be estimated by noting a negligible difference in readings between sequential time steps. Experience indicates that this is reached near the time when V. to ~ of the water column has drained. When steady-state has been reached, the air inlet tube representing this tension is closed.
If most of the water column has drained the shut-off valve is also closed, the top of the water column opened, and the column refilled.
(If the measurement began at low tension this should be the greatest amount to be used at this site. )
The water column stopper is replaced, the shutoff valve is opened, and the air entry tube representing the next tension is opened.
In operation we observed that the water level in the bubble tower did not remain static and so preset tensions were not always attained. At each setting the water level and the preset level were recorded so that actual tensions could be used in calculations. This same procedure is followed for three different tension settings. During this test we began with the lowest tension setting and worked toward the highest.
This provides complete wetting of the entire profile during the first setting.
However, it does necessitate a short delay between settings to allow some draining. Figure 2 shows this wetting at the first setting. The figure also shows that significant drainage did not occur between the first and second or between the second and third settings.
The time for a complete measurement is about 30 to 60 minutes. Steady-state infiltration rates for each tension are used in the equations given above to determine unsaturatedconductivity/tension relationships for each site. These estimates then can be used directly in a numerical model or treated statistically to obtain a composite value for use in an analytical equation for fluid flow or contaminant transport.
Case Study
Field testing for this type of tension infiltrometer was 107 conducted on a large flotation tailings pile near Anaconda, MT.
In the past the tailings were treated with crushed limestone spread over the surface.
The limestone has partially reacted with the tailings to form a thin crust and more dense material several centimeters thick on top of the tailings.
The material immediately under this surface layer consists of yellow to orange fine sand and silt with some clay.
This material appears to be locally layered to a depth of 50 to 70 centimeters and probably consists of weathered semi-dry tailings.
Layers are between one centimeter and 10 centimeters thick and vary only in color and silt content. At a depth near 70 centimeters the material is dark gray, nearly saturated, and appears to be unweathered tailings. This unweathered material may be many meters thick. Tire tracks from the limestone spreading equipment are present across the site and the .color and density of material is different at sites (3 and 14) located on these tracks.
A sample area 20 meters by 30 meters (Fig. 3 ) was selected and 20 sites were chosen in an irregular pattern for use in spatial characterization. Data from five of the sites (1, 4, 18, 19, 20) were unusable because of equipment malfunction.
Summary and Conclusions
We make several assumptions in using this technique.
One of the major ones is the relationship between saturated and unsaturated hydraulic conductivities described in the Because the flow measured in the tension infiltrometer method is dependent on tension setting, a sensitivity analysis was performed on the data from site 2. In order to determine the effect of a variation in one tension setting, the measured tension for the second setting was decreased by 1, 5, and 10 percent and the resulting change in calculated unsaturated conductivity was noted. As a further test, the values for tension 1 and tension 2 were each decreased by 1, 5, and 10 percent and the change noted. Additional studies are planned to analyze the response of other mine waste types to this technique.
